Objectives: Our objective was to investigate cross-sectional associations between odor identification ability and imaging biomarkers of neurodegeneration and amyloid deposition in clinically normal (CN) elderly individuals, specifically testing the hypothesis that there may be an interaction between amyloid deposition and neurodegeneration in predicting odor identification dysfunction.
particularly for treatment and prevention trial design. The 40-item University of Pennsylvania Smell Identification Test (UPSIT-40), 10 a method to assess odor identification ability in humans, predicts progression from MCI to AD dementia. 2, 11 Studies have reported associations between worse performance on the UPSIT-40 and lower hippocampal volume (HV) in clinically normal (CN) elderly 12 and increased cortical amyloid burden measured by Pittsburgh compound B (PiB)-PET across CN, MCI, and AD dementia individuals. 13 Our study hones in on CN elderly at risk of preclinical AD with markers of neurodegeneration and amyloid.
The objective of this study was to elucidate the utility of olfactory testing in detecting preclinical AD by investigating cross-sectional associations in CN elderly individuals. We assessed the association between olfaction (UPSIT) and imaging biomarkers of AD, including amyloid burden (PiB status), EC thickness, and HV. Building on an emerging model of AD pathogenesis, we hypothesized that amyloid deposition may modify the effect of neurodegeneration, as measured by EC thickness, on odor identification ability.
METHODS Participants. Data were collected on 215 community-dwelling CN elderly in the Harvard Aging Brain Study, a longitudinal cohort study involving neuropsychological testing, imaging, and biomarker sampling. 14, 15 Participants had a Mini-Mental State Examination 16 score of 27 to 30 (inclusive, allowing for lower scores down to 25 for individuals with low levels of education, using the Mungas adjustment 17 ), a Clinical Dementia Rating 18 global score of 0, no significant memory impairment (performed within 1 SD of age-and educationadjusted cutoff scores on the delayed recall portion of one Logical Memory story of the Wechsler Memory Scale-Revised, 19 as per the Alzheimer's Disease Neuroimaging Initiative 20 ), a Geriatric Depression Scale, 21 long form #10, and a Modified Hachinski Ischemic Score 22 #4.
Participants completed a baseline smell functioning questionnaire 11 assessing medical factors that may have affected their ability to identify odors correctly (see e-Methods on the Neurology ® Web site at Neurology.org).
Standard protocol approvals, registrations, and participant consents. The study was approved by the institutional review board of Partners Healthcare Inc. Written informed consent was obtained from all participants before initiation of any study procedures in accordance with institutional review board guidelines.
Clinical assessments. Participants underwent odor identification testing using the UPSIT-40 (range 0-40, higher score denotes better performance). 23 Participants completed an extensive set of neuropsychological tests used to derive cognitive domain factors of executive function, episodic memory, and processing speed, as previously described (see e-Methods for more detail). 14 An estimate of premorbid intelligence was assessed with the American National Adult Reading Test (AmNART) 24 yielding a verbal IQ. Confrontation naming was assessed with the 30-item Boston Naming Test; this variable was included in the model, as done in previous studies, 6 to control for the possibility that naming deficits may contribute to odor identification deficits. 25 Structural MRI acquisition and processing. MRI scanning was completed on a Siemens TIM Trio 3T System (Siemens AG, Erlangen, Germany) with a 12-channel head coil. Structural T1weighted volumetric magnetization-prepared rapid-acquisition gradient echo scans were collected (repetition time/echo time/ inversion time 5 6,400/2.8/900 milliseconds, flip angle 5 8°, 1 3 1 3 1.2 mm resolution). Region-of-interest labeling was performed using FreeSurfer v5.1 (http://surfer.nmr.mgh. harvard.edu). Ex vivo measurements of EC thickness were averaged across hemispheres to yield bilateral EC thickness values. HV was summed across hemispheres.
PiB-PET acquisition and processing. PiB-PET scanning was completed on a Siemens ECAT EXACT HR 1 PET scanner. C 11 -PiB was synthesized using a previously published protocol. [26] [27] [28] After injection of 8.5 to 15 mCi PiB, 60 minutes of dynamic data were acquired in 3-dimensional acquisition mode. The Logan graphical analysis method with cerebellar cortex as the reference tissue input function was used to evaluate specific PiB retention expressed as the distribution volume ratio (DVR). 29 PiB DVR was calculated for an aggregate of cortical regions that typically have elevated PiB retention in AD dementia. Binary PiB status was assigned with a cutoff value of 1.20 DVR for the aggregate described above (DVR $ 1.20, PiB-positive; DVR , 1.20, PiBnegative); the cutoff was established using gaussian mixture modeling. 15 Binary PiB status was used in the linear regression models given the typical nonnormal distribution of PiB DVR (rightward tail) in this sample of CN elderly and also to facilitate graphical interpretation of the effect of amyloid status on the association between measures of neurodegeneration and odor identification ability. For comparison, PiB DVR was used as a continuous variable in the models as well; it was included as an untransformed nonnormally distributed continuous variable.
Statistical analyses. Analyses were performed using STATA v11.2 (StataCorp, College Station, TX). Univariate associations were explored between the predictors of interest and UPSIT-40. These were completed using nonparametric Spearman correlation and Wilcoxon rank sum tests given the nonnormal distributions of UPSIT-40 and EC thickness. They were also conducted by fitting sequential simple linear regression models with each predictor of interest as the independent variable to facilitate comparison to the multivariate regression models. A descriptive analysis was conducted to identify those participants who fell in the bottom 25th percentile of both olfaction and episodic contextual memory testing. For the multivariate model, a backward elimination (p , 0.05 for retention) multiple linear regression model evaluated the cross-sectional association between UPSIT (dependent variable) and amyloid burden (PiB status), bilateral HV and EC thickness, and interaction terms between PiB and HV and PiB and EC thickness. Covariates included age, sex, AmNART IQ, Boston Naming Test, and APOE e4 carrier status (carriers were designated as having at least one e4 allele, while noncarriers had none). The sample of observations under consideration was limited to observations with nonmissing values for all the variables specified. AmNART was included in lieu of years of education as a proxy of 2154 Neurology 84 May 26, 2015 cognitive reserve given a bias toward lower education among female participants in the study sample; both variables were not included together given that they are highly correlated. Main effects that were nonsignificant were included in the model if one of the interaction terms containing these main effects reached significance.
RESULTS
The initial sample included 287 participants; this was reduced to 215 (2 missing olfaction testing, 32 with active cold at time of olfaction testing, and 38 missing both MRI and PiB data). Table 1 provides baseline demographic, clinical, and imaging data for the 215 participants. Seventyone percent of participants were classified as PiBnegative, while 29.0% were classified as PiB-positive. Figure 1 depicts the relative sizes and overlap between 2 groups defined by having UPSIT-40 or memory factor scores below the 25th percentile for the sample used in analyses (n 5 212, given 3 participants missing episodic memory testing); 42.9% of participants fell into the lower quartile for either or both of these tests, while 10.4% fell into the lower quartile for both tests. There was a significant association between the presence of self-reported smell problems on the screening questionnaire and worse olfaction as measured by UPSIT (b 5 23.6, p 5 0.004). Table 2 presents the results of sequential univariate regression models predicting UPSIT-40. In unadjusted analyses, worse olfaction was significantly associated with decreased HV (p , 0.001), EC thickness (p 5 0.003), and episodic contextual memory function (p 5 0.03). Worse olfaction was marginally associated with binary PiB status (p 5 0.06) with PiB-positive participants having worse olfaction. Table 3 presents the results of the multivariate model predicting UPSIT-40 scores (R 2 5 0.17, overall model p , 0.001). Thinner EC in PiB-positive individuals (interaction term) was significantly associated with worse olfaction (p 5 0.02, figure 2 ). There was a significant association between thinner EC and worse olfaction in PiB-positive individuals (b 5 2.6, p 5 0.004) but not in PiB-negative individuals (b 5 0.038, p 5 0.96). Greater age (p , 0.001) and lower AmNART IQ (p 5 0.01) were also associated with worse olfaction. When the multivariate model was repeated using PiB as a continuous variable, the interaction term between PiB and EC thickness remained significant (p 5 0.04). DISCUSSION In this sample of CN, communitydwelling, elderly individuals, there were significant cross-sectional associations between worse odor identification ability measured by the UPSIT and biomarkers of neurodegeneration, including HV and EC thickness. We report a significant association between worse olfaction and thinner EC in individuals with elevated cortical amyloid; this was not seen in amyloid-negative individuals. This association was adjusted for age, sex, premorbid intelligence, confrontation naming, and APOE e4 carrier status.
Characterizing the pathologic substrates underlying olfactory changes in AD is an area of ongoing research. In an autopsy study involving participants who had undergone odor identification testing before death, after adjusting for age at death, sex, education, and time from smell testing until death, there was a significant association between lower odor identification and greater AD pathology. 6 While significant across both amyloid and tau pathologic changes separately, this association was stronger for NFT pathology, particularly localized in the EC and CA1/subiculum of the hippocampus, than it was for amyloid plaque pathology. When amyloid and NFT pathologic changes were assessed together, the effect of NFTs remained significant, while the effect of amyloid became nonsignificant, suggesting a stronger association between tau pathology, compared with plaque burden, and odor identification. Of note, this analysis did not account for the degree of neurodegeneration across samples. Measures of regional tissue loss, presumably due to neurodegeneration, have been shown to correlate better with cognitive decline, particularly in older individuals, 30 and have been shown to correlate significantly with odor identification deficits in participants without dementia. 12 Table 1 Baseline demographic, clinical, and imaging data for study participants Previous cross-sectional studies demonstrated reduced odor identification abilities, measured by clinical tests such as the UPSIT, in individuals with an increased risk of developing dementia, such as those diagnosed with MCI. 31 Driven by the scenario that anti-AD therapies will likely prove most effective in individuals before the onset of symptoms, there is increased interest in simple, low-cost, noninvasive tests, such as the USPIT, capable of identifying atrisk individuals. One study that utilized the Brief Smell Identification Test (a 12-item test derived from and shown to correlate with the 40-item UPSIT) included a small group of individuals who died without evidence of cognitive impairment. In this group, lower Brief Smell Identification Test score was associated with a higher level of AD pathology on autopsy (measured by a composite measure of cortical amyloid plaques and NFTs), after controlling for age, sex, education, time from olfactory testing to death, APOE e4 carrier status, and episodic memory. 32 This finding supports the notion that odor identification ability is linked with the pathologic manifestations of AD, even in asymptomatic individuals; however, it is important to note the small sample size (n 5 34) and the advanced age of this sample (mean 85.2 years, SD 5 6.4 years).
Few studies have utilized odor identification testing in conjunction with in vivo amyloid imaging. A cross-sectional study by Bahar-Fuchs et al. 13 using PiB-PET showed an association between poor odor identification and greater global neocortical amyloid burden across a total of 63 participants including CN elderly, MCI, and AD dementia. However, within the MCI group alone, there was no significant difference in olfactory identification scores between PiBpositive and PiB-negative individuals, and there was also no significant correlation between olfactory identification scores and global or regional PiB uptake as a continuous measure. This led the authors to conclude that AD-related odor identification deficits are not directly related to fibrillar Ab burden, and to ascribe olfactory deficits to other neuropathologic features such as NFTs, in line with the histopathologic study by Wilson et al. 6 However, the analysis relied on a 6-item subset of the 10-item version of the UPSIT developed by Tabert et al. 11 while the 40-item UPSIT Figure 1 UPSIT identifies a subset of the cohort with normal episodic memory performance that is putatively at risk
Venn diagram depicting overlap of groups defined by lower 25th percentile of episodic memory and odor identification testing (n 5 91 in the low performer groups). Blue depicts low performers on UPSIT (n 5 59), red depicts low performance on memory testing (n 5 54), and purple depicts participants who had low performance on both tests (n 5 22). Note the relatively small overlap between low-performing groups, and the fact that a slightly greater number of participants had low performance on the odor identification test compared with those who had low performance on the episodic memory tests. UPSIT 5 40-item University of Pennsylvania Smell Identification Test. was used in the present study. Moreover, the sample size of 24 participants diagnosed with MCI was considerably smaller than the present study (n 5 215), likely hampering a subgroup analysis. The present study was better powered to detect such an association, even in a cohort of CN individuals, and to assess the interplay between neurodegeneration and fibrillar amyloid.
Since the correlation between episodic memory performance and odor identification ability in this sample was modest (Spearman r 5 0.19, p 5 0.005), it is possible that these tests are detecting 2 largely distinct but partially overlapping groups of atrisk individuals. Building on the notion that subtypes of AD may be classified by differing brain regions of initiation-such as the syndrome of posterior cortical atrophy, considered an atypical variant of AD in which visual disturbances and visuospatial deficits predominate the clinical presentation early on-it is possible that odor identification tests would be more sensitive to a form of AD that begins in the olfactory neural systems before progressing to a more typical phenotype seen clinically as amnestic MCI, followed by AD dementia. Along this line of reasoning, the relationship depicted in the Venn diagram in figure 1 has identified several key groups of individuals to be followed prospectively. The large number of participants who had low performance on odor identification may speak to nonspecific, age-related changes in olfactory ability, or it may suggest a cohort of individuals at risk of progressing to MCI and AD dementia, in keeping with emerging models of the association between sensory/motor changes and AD dementia. 33 These findings support the hypothesis that thinner EC, in the setting of high amyloid burden, is associated with odor identification deficits in preclinical AD. This is in line with an emerging conceptual model of preclinical AD, which postulates an interaction between the presence of amyloid and presumed neurodegeneration associated with accelerated cognitive decline. Future studies aimed at elucidating the interplay between neurodegenerative changes and pathologic accumulation of amyloid may account for the fact that neurodegeneration is more closely associated with worse cognition than amyloidosis. 15, 34, 35 It is important to note that aging is strongly associated with both odor identification deficits and the risk of developing AD dementia. Therefore, as the primary biological events of aging are elucidated, new hypotheses of the molecular and cellular underpinnings of the decline of odor identification and other cognitive functions will likely emerge. There are several limitations to this study. First, the analyses are based on cross-sectional data, providing a snapshot of associations that are subject to potential confounding. However, the backward selection mechanism allowed adjustment for known confounders. With time, it may be possible to track the progression of some CN participants to MCI and eventually AD dementia; however, this relatively small cohort may be underpowered to do this, in which case the progression of cognitive decline over time could be examined. Previous large prospective cohort studies have established the association between decreased odor identification ability and increased risk of cognitive decline. 36, 37 A 2012 systematic review identified 2 prospective, longitudinal studies that examined the utility of odor identification testing as a predictor of the development of AD, defined more rigorously with clinical criteria. 3, 38, 39 A recent analysis added substantively to this area, showing that baseline odor identification deficits were predictive of cognitive decline and transition to AD dementia in a large multiethnic population-based cohort of patients without dementia. 2 Our study, when continued longitudinally, offers the opportunity to test this hypothesis at an even earlier stage, with participants who do not have memory concerns or cognitive deficits.
Second, the study sample was not necessarily representative of the general elderly population. Although there was a wide range of years of education, performance on a test estimating premorbid intelligence, socioeconomic status, and minority representation, the mean performance indicates a highly educated and intelligent sample. However, this sample is typical of biomarker studies and clinical trials in early AD, suggesting that these results could inform future clinical trial design. Moreover, participants with various nasal pathologies were included in the analyses since they did not differ significantly from the rest of the sample in terms of demographics and the dependent variables. Nevertheless, these results must be replicated in a more representative sample of the general population, with greater racial diversity, before determining the utility of odor identification testing and its association with relevant biomarkers.
Third, odor identification deficits are also a risk factor for developing Parkinson disease, and some individuals in the sample may in fact have preclinical Parkinson disease. Similarly, it is also possible that individuals with odor identification deficits could be at higher risk of developing dementia with Lewy bodies, rather than AD dementia. 40 Finally, since the PiB ligand only binds to fibrillar amyloid, the inferences in this study cannot be extended to detecting the presence of soluble amyloid or to commenting on the presence of tau-related pathology. Future studies using traditional CSF measures of Ab-42, total-tau, and phospho-tau, and potentially still early in development measures of oligomeric Ab, will better address these questions. New tau PET tracers, once validated, will allow for the examination of the longitudinal association between accumulation of regional tau pathology and the development of olfactory deficits.
In this sample of CN elderly individuals, we report a significant cross-sectional association between thinner EC and worse scores on odor identification testing among individuals with elevated cortical fibrillar amyloid levels, a finding that is in line with an emerging model of AD pathogenesis. 34 Future studies involving longitudinal data will potentially allow further investigation of the utility of odor identification testing in tracking the progression from CN to MCI to AD dementia. This research will further investigate the potential for odor identification tests such as the UPSIT to serve as cost-effective screening tools for preclinical AD, or at least as contributing factors in the diagnostic workup of this condition.
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